Abstract Central nervous system (CNS) complications resulting from HIV infection remain a major public health problem as individuals live longer due to the success of combined antiretroviral therapy (cART). As many as 70 %
Overview
HIV-associated neurocognitive disorders, termed HAND (Antinori et al. 2007) , are present in a large percentage of the HIV infected population, despite successful antiretroviral therapy. Many HIV infected individuals abuse drugs that may have a significant impact on the neuropathogenesis of HIV infection. These drugs increase extracellular dopamine in the CNS, and several studies have examined correlations between changes in the CNS dopaminergic system and HAND Purohit et al. 2011; Koutsilieri et al. 2002a; Kieburtz et al. 1991) . Much of this research evaluated neuropsychological performance or global alterations in brain function (Gelman et al. 2012; Chang et al. 2008; Koutsilieri et al. 2002b; Wang et al. 2004; Kumar et al. 2011; Berger and Arendt 2000; Ferris et al. 2008 ). This review has a different focus, specifically on the effects of dopamine on monocytes and macrophages, the predominant cell types involved in the pathogenesis of HAND, as well as on T cells, in the context of the HIV infected CNS. We will first review briefly the pathology of HAND, the effects of drug abuse on the development of HAND, and relevant dopamine biology. We will then detail what is known about the effects of dopamine on monocytes, macrophages and T cells, and discuss how these effects may alter the development of neuroinflammation and HAND.
Background
Neuroinflammation, HAND and drug abuse HIV enters the CNS within 2 weeks of peripheral infection (Davis et al. 1992) . Entry is mediated by transmigration of infected monocytes across the blood brain barrier (BBB) in response to chemokines (Peluso et al. 1985; Epstein and Gendelman 1993; Buckner et al. 2006; Williams et al. 2012) . Infected monocytes and macrophages within the CNS produce virus that infects and activates additional macrophages, as well as other CNS cells, including microglia and astrocytes (Cosenza et al. 2002; Herbein and Varin 2010; Koenig et al. 1986; Wiley et al. 1986 ). Infected cells release viral proteins that can cause neuronal damage and apoptosis and exacerbate neuroinflammation (Mocchetti et al. 2012; Guha et al. 2012; Rappaport et al. 1999; Kanmogne et al. 2007) . They also produce cytokines that activate resident CNS cells, as well as recruit additional monocytes and perhaps T cells into the CNS through increased chemokine expression (Herbein and Varin 2010; Xing et al. 2009; McManus et al. 2000; Roberts et al. 2004; Gaskill et al. 2012) . These cytokines include IL-6, IL-10, IL-1β, TNF-α and the chemokines CCL2 and CXCL12. The effects of these and other cytokines on HIV neuropathogenesis are discussed in detail in other publications (Brabers and Nottet 2006; Tyor et al. 1992; Merrill et al. 1989; Fischer-Smith and Rappaport 2005; Kraft-Terry et al. 2009; Dhillon et al. 2008; Persidsky et al. 2000) . CNS monocytes, macrophages, and other cells, both infected and uninfected, exposed to these cytokines and/or viral proteins are activated and produce additional mediators (Kraft-Terry et al. 2009; Williams and Hickey 2002; Fischer-Smith and Rappaport 2005; Nuovo and Alfieri 1996) . Even in individuals on cART, low levels of immune activation, cytokine production, chronic inflammation, and HIV infection persist within the CNS (Valcour et al. 2011; Anthony et al. 2005; Kamat et al. 2012) .
Chronic neuroinflammation coupled with persistent low level CNS infection create a neurotoxic environment, often causing neuronal damage and death (Wiley et al. 1986 ) that can lead to HAND. HAND is a spectrum of cognitive impairments and functional abnormalities that occur in approximately 40 % to 70 % of HIV infected individuals (Cysique et al. 2004; Heaton et al. 2010; Tozzi et al. 2005; Simioni et al. 2010; Robertson et al. 2007) . Although the advent of cART has dramatically reduced systemic viral replication, improved cognitive function, and greatly increased the lifespan of HIV infected individuals, it has not eradicated HAND (Sacktor 2002; Cysique et al. 2009; Everall et al. 2005; Robertson et al. 2007; Heaton et al. 2010 ). Prior to cART, more individuals developed HIV-associated dementia, the most severe form of HAND. However, advances in antiretroviral therapy have shifted the presentation of HAND so that currently milder forms represent the majority of neurocognitive and motor disorders in HIV infected individuals on cART Valcour et al. 2011) . As these individuals live longer, the prevalence of CNS damage and HAND is increasing (Sacktor 2002; Ances and Ellis 2007; Bhavan et al. 2008 ). Higher concentrations of CNS dopamine due to drug abuse may alter the neuropathogenesis of HAND.
A significant number of HIV infected individuals use illicit drugs (Sohler et al. 2007; Shurtleff and Lawrence 2012; Turner et al. 2001; Mathers et al. 2008; Beyrer et al. 2010) . Several studies suggested that, prior to the advent of cART, HIV infected drug abusers developed accelerated neurocognitive dysfunction and/or neuropathologic changes as compared to the non-drug abusing HIV infected population (Langford et al. 2003; Kousik et al. 2012; Rippeth et al. 2004; Starace et al. 1998; Nath et al. 2002) , or to non-HIV infected drug abusers (Gray et al. 1992; Makrigeorgi-Butera et al. 1996) . These drug related changes were often characterized by increased infiltration of lymphocytes and/or CD8+ T cells into the CNS in addition to monocytes (Tomlinson et al. 1999; Bell et al. 1993; Anthony et al. 2003 ). This T cell influx was not observed in the absence of drug abuse, suggesting that the contribution of T cells to HIV neuropathogenesis in drug abusers is distinct. One study of drug abusers on antiretroviral therapy demonstrated that the amount of T cell infiltration was lower than that seen in individuals not on cART, but that T cells were still present and were distributed in different brain regions (Anthony et al. 2005) .
Studies examining the effects of drug abuse on HAND in the era of cART described contradictory findings, which were further complicated by the possibility that drug abusers may not have adhered rigorously to their cART regimens (Mellins et al. 2009; Binford et al. 2012; Nahvi et al. 2012; Wood et al. 2003) . Some studies reported that drug abuse increased neurocognitive impairment with HIV infection (Meade et al. 2011a, b) , while others indicated that it had no effect on HAND (Byrd et al. 2011; Basso and Bornstein 2003) .
All classes of illegal drugs increase extracellular dopamine in the CNS (Kimmel et al. 2005; Desai et al. 2010; Di Chiara and Imperato 1988; Koob 1992a; Pierce and Kumaresan 2006; Koob and Bloom 1988; Carboni et al. 1989) . This review will examine the effects of dopamine, as a model of drug abuse, on monocytes, macrophages and T cells within the HIV infected CNS. Before addressing this, we will briefly review some aspects of dopamine biology pertinent to the studies described later in this review. Dopamine Dopamine is a catecholamine neurotransmitter that regulates a number of physiological functions including locomotion, cognition and reward (Missale et al. 1998; Di Chiara and Bassareo 2007; Iversen and Iversen 2007) . Dopamine also affects immune cells including monocytes, macrophages and T cells (Levite 2008; Gaskill et al. 2009 Gaskill et al. , 2012 Besser et al. 2005) . Dopamine signals primarily through dopamine receptors (DR), members of the G protein coupled receptor (GPCR) superfamily of membrane proteins. Although dopamine may also signal through other receptors (Lin et al. 2008; Hasko et al. 2002) , this review focuses on dopamine signaling mediated by DR. Dopamine receptors are divided into two subclasses, the D1-like DR, D1R and D5R, and the D2-like DR, D2R, D3R and D4R. Although D1R and D2R are the most common, all DR are present in the CNS and each DR exhibits distinct expression patterns (Missale et al. 1998; Beaulieu and Gainetdinov 2011) . Dopamine receptor signaling is most often mediated by G proteins. The D1-like DR couple to G α s/olf and stimulate cAMP through activation of PKA and DARPP-32, while D2-like DR couple to G α i/o and inhibit cAMP production by blocking PKA activation. Both D1-like and D2-like DR also signal by G protein independent pathways by activating factors such as ERK kinases, phospholipase C, or β-arrestins. Many pharmacologic agonists and antagonists have been developed to study different DR subtypes. The dissociation constants (K i ) of the ligands used by studies referenced in this review are listed in Table 1 . It is important to note that this table details the K i values only for dopamine receptors and does not list those for other receptors to which these ligands may bind. Dopamine receptors also heterodimerize, either with other DR or other GPCR, and activate additional signaling pathways (Missale et al. 1998; Girault and Greengard 2004; Beaulieu and Gainetdinov 2011; Hasbi et al. 2011; Rashid et al. 2007; Guo et al. 2008; Javitch 2004) . It is unclear which or how many of these pathways mediate the effects of dopamine on monocytes, macrophages and T cells. This is an area for further investigation.
Many other proteins also regulate the effects of dopamine. These include the dopamine transporter (DAT), vesicular monoamine transporter 2 (VMAT2) and the enzymes tyrosine hydroxylase (TH), aromatic-amino acid decarboxylase (AADC), monoamine oxidase (MAO) and catechol-Omethyl-transferase (COMT). Dopamine transporter and VMAT2 recycle dopamine from the extracellular space (Horn 1990; Weihe and Eiden 2000) . Monoamine oxidase and COMT catabolize dopamine in the cytoplasm after reuptake by transporters (Kopin 1994; Napolitano et al. 1995) . Tyrosine hydroxylase and AADC are necessary for catecholamine biosynthesis (Daubner et al. 2011; Molinoff and Axelrod 1971) . These proteins, in addition to dopamine receptors, regulate dopamine production, uptake and signaling within the CNS (Gonon and Buda 1985; Rouge-Pont et al. 2002; Missale et al. 1998; Beaulieu and Gainetdinov 2011) .
Dopamine concentrations in the human brain and the precise effects of drugs of abuse on CNS dopamine are not well defined. In animal models, studies using both pulse and cyclic voltammetry found basal dopamine levels to be in the low nanomolar range (Parsons and Justice 1992; Venton et al. 2003; Gonon and Buda 1985) . In rodents and monkeys, extracellular dopamine was significantly elevated by drugs of abuse, increasing concentrations to the low micromolar range (Zachek et al. 2010; Schiffer et al. 2003; Kimmel et al. 2005; Carboni et al. 1989; Di Chiara and Imperato 1988) . Intraperitoneal injection of methamphetamine into rats increased striatal dopamine by as much as six thousand percent above basal levels (Xi et al. 2009 ). Drug induced increases in extracellular dopamine resulted in its efflux from the synapse into the surrounding tissue (Cragg and Rice 2004; Venton et al. 2003; Garris et al. 1994) , exposing monocytes, macrophages, and T cells in the CNS to increased dopamine. The effects of dopamine on immune cells are not well characterized. How these effects might impact the development of HAND is the focus of this review.
Dopamine and HIV in monocytes and macrophages

Monocytes and dopamine in HIV neuropathogenesis
Monocytes play a major role in the development of HAND and are the primary cell type responsible for bringing HIV into the CNS (Peluso et al. 1985; Epstein and Gendelman 1993; Buckner et al. 2006) . Few studies examined DR expression in monocytes and the effects of dopamine on these cells. One described low expression of D2R, D3R, D4R and D5R on the cell surface of human monocytes by flow cytometry (McKenna et al. 2002) , while another showed that human monocytes expressed D4R mRNA (Watanabe et al. 2006) . One report showed that dopamine treatment of human cells of the monocyte lineage that were isolated by adherence decreased proliferation and significantly suppressed LPS induced binding of NF-κB to the TNF-α promoter (Bergquist et al. 2000) . Studies in rats showed that dopamine decreased infiltration of monocytes into grafted kidneys (Hoeger et al. 2008) .
Two broadly defined human monocyte subpopulations have been described based on their expression of CD14, the LPS receptor, and CD16, the Fc γ III receptor. In healthy individuals, 90-95 % of circulating monocytes are only CD14+, while 5-10 % are CD14+ and CD16+ (ZieglerHeitbrock et al. 1993) , which are considered to be more mature. In HIV infected individuals (Nockher et al. 1994; Thieblemont et al. 1995) and SIV infected monkeys (Kim et al. 2010) , CD14+CD16+ monocytes were increased in the circulation. Studies showed that these cells were preferentially infected with HIV or SIV when compared to CD14+ CD16-cells (Ancuta et al. 2006; Ellery et al. 2007; Williams et al. 2005; Pulliam et al. 1997) . Even in individuals on cART, HIV proviral DNA was detected in CD14+CD16+ monocytes (Crowe et al. 2003; Delobel et al. 2005; Lopez et al. 2010 ). There was a correlation between the amount of HIV proviral DNA in these cells and the severity of neurocognitive impairment in individuals on cART (Shiramizu et al. 2005; Valcour et al. 2010) . In other studies, the expansion of the CD14+CD16+ population in the periphery also correlated with CNS disease pathogenesis in both HIV and SIV infection (Pulliam et al. 1997; FischerSmith et al. 2001; Burdo et al. 2010) , and increased numbers of CD14+CD16+ monocytes in the brain tissues of HIV infected humans (Fischer-Smith et al. 2001) and SIV infected monkeys (Clay et al. 2007 ) correlated with the presence of CNS virus. These data indicate that CD14+ CD16+ monocytes transport HIV across the BBB into the CNS in vivo, and that these cells are central to the pathogenesis of HAND. Our laboratory demonstrated that HIV infected CD14+CD16+ cells preferentially transmigrate across a tissue culture model of the human BBB in response to the chemokine CCL2 (Buckner et al. 2011; Williams et al. 2012) .
The studies described at the beginning of this section were performed on the total peripheral blood monocyte population and did not distinguish between monocyte subsets. It is not known how dopamine mediates the functions of CD14+CD16+ monocytes. Our laboratory is studying the effects of dopamine on this population. These studies will address which DR are expressed on CD14+CD16+ cells, how dopamine mediates their functions and contributes to (2009) their transmigration across a model of the BBB. Characterizing the effects of dopamine on this mature monocyte population is important to understanding the impact of drug abuse on HIV infection of the CNS and the development of HAND.
Macrophages in HIV neuropathogenesis
When mature CD14+CD16+ monocytes transmigrate across the BBB into the CNS parenchyma, they differentiate into macrophages. These cells are central to the development of HAND. They are the primary target for HIV infection in the CNS and have a major regulatory role in neuroinflammation (Williams and Hickey 2002; Williams et al. 2001; Glass et al. 1995; Koenig et al. 1986 ). Infected macrophages within the CNS elaborate viral proteins that are neurotoxic King et al. 2010; Guha et al. 2012) and produce virus that infects additional macrophages as well as microglia and, to a lesser extent, astrocytes (Eugenin et al. 2011; Cosenza et al. 2002) .
Infected macrophages have altered cytokine production, as do uninfected cells, in response to mediators produced by infected or activated cells. This promotes neuroinflammation and the development of HAND (Yadav and Collman 2009; Williams and Hickey 2002; D'Aversa et al. 2008; Zheng et al. 2001; Witwer et al. 2009 ). In the brains of drug abusers, these processes occur in the presence of elevated dopamine. However, the effects of dopamine on macrophages in the HIV infected CNS have not been examined. We will first describe the proteins expressed by macrophages that enable them to respond to dopamine. Second, we will detail the effects of dopamine on HIV infection of macrophages and on macrophage functions, including cytokine production, phagocytosis, and production of nitric oxide (NO) and hydrogen peroxide (H 2 O 2 ), and how these effects may contribute to the development of HAND.
Dopaminergic protein expression in macrophages
Our laboratory showed that human monocyte-derived macrophages express mRNA for all DR subtypes and protein for D1R, D2R, D3R and D4R in the plasma membrane, and for DAT, VMAT2, TH and AADC (Gaskill et al. 2009 (Gaskill et al. , 2012 . Another study also found D1R in human macrophages (Liang et al. 2008) . One report in human promyelocytic U937 cells showed enzymatically active AADC (Kokkinou et al. 2009 ), while another found TH and VMAT2 in LPS stimulated U937 cells but not in LPS stimulated THP-1 cells (Capellino et al. 2010) . The second study also showed TH and VMAT2 in CD163+ macrophages from arthritic but not normal tissues. In contrast to these findings are data that showed VMAT2 to be absent from all human macrophages except Langerhans cells (Anlauf et al. 2006) . Studies in rodent microglia demonstrated mRNA for D1R, D2R, D4R and D5R in rat cells and mRNA for D1R and D5R in mouse cells (Farber et al. 2005) . Tyrosine hydroxylase was detected in mouse macrophage cell lines, and TH mRNA was increased in LPS treated RAW 264.7 cells (Brown et al. 2003; Flierl et al. 2007 ). Both MAO and COMT were found in murine alveolar macrophages, and expression of these enzymes was altered by LPS (Flierl et al. 2007) . One study in RAW 264.7 macrophages found no DAT expression (Rudd et al. 2005) . Differences in the expression of these proteins among experiments may be due to the assays used, the cell type, species, variations inherent in primary cells, and/or to differential regulation of expression by inflammation or other environmental stimuli. Despite differences, these findings demonstrate that macrophages express the proteins necessary for dopaminergic signaling.
Dopamine mediated changes in HIV infection of macrophages
Our data showed that treatment with dopamine significantly increased HIV replication in primary human macrophages. Treatment of macrophages with the D2-like DR agonist quinpirole but not the D1-like DR agonist SKF82958 also increased viral replication (Gaskill et al. 2009 ), suggesting that the effect was mediated specifically through a D2-like DR. However, additional data from our laboratory indicated that treatment of macrophages with the D1-like DR agonist SKF38393 also significantly increased HIV replication (unpublished data). We are performing further analyses of macrophage DR to define more completely the receptors that mediate changes in HIV replication. Dopamine also increased the number of macrophages infected with HIV, which is one mechanism by which dopamine increases HIV replication in these cells (Gaskill et al. 2009 ). In SIV infected rhesus macaques, treatment with L-DOPA, the biosynthetic precursor of dopamine, or selegiline, which inhibits dopamine catabolism by blocking MAO activity, increased brain viral load (Czub et al. 2001 (Czub et al. , 2004 . The increased viral load suggests an increase in the number of SIV infected CNS macrophages in these animals. Selegiline also significantly increased the number of SIV mRNA expressing cells in the frontal cortex, hippocampus and basal ganglia (Czub et al. 2001 ). Together, these findings indicate that elevated dopamine in the CNS may increase HIV replication and that this may be due, at least in part, to an increase in the number of infected macrophages within the brain.
Effects of dopamine on macrophage functions
Cytokines and chemokines
There are few studies that examine the effects of dopamine on human macrophages. Our data demonstrated that dopamine increased secretion of IL-6 and CCL2 by human macrophages and increased IL-6, CCL2, IL-10 and CXCL8 in these cells when treated with LPS (Gaskill et al. 2012 ). Elevated IL-10 was shown to increase HIV infection of macrophages by upregulating surface expression of CD4 and CCR5 (Sozzani et al. 1998; Wang et al. 2002; Tuttle et al. 1998 ). IL-6, CCL2 and CXCL8 may promote neuroinflammation by activating resident CNS cells, as well as by damaging the BBB and increasing the transmigration of monocytes into the CNS Gouwy et al. 2008; McManus et al. 2000; Kossmann et al. 1997; Gruol and Nelson 1997; Roberts et al. 2012) . Conversely, increases in IL-10 and CCL2 could be neuroprotective and inhibit the development of inflammation (Eugenin et al. 2003; Knoblach and Faden 1998) . We showed previously that CCL2, when expressed early during a neurotoxic process, protects neurons from HIV tat induced apoptosis (Eugenin et al. 2003) and therefore can protect against cell death as well as be inflammatory.
Dopamine significantly decreased production of TNF-α in LPS treated human macrophages (Gaskill et al. 2012) . Another group showed a similar finding in U937 cells treated with reserpine, which inhibits vesicular uptake of dopamine by blocking VMAT. In that study, a reserpinemediated increase in cytoplasmic dopamine in LPS-or PMA-treated U937 cells also significantly decreased TNF-α (Capellino et al. 2010 ). These findings indicate that dopamine may decrease TNF-α production in macrophages activated in response to inflammatory stimuli. However, the previously discussed study in selegiline treated monkeys showed an increase in TNF-α mRNA in microglia in brains with increased dopamine (Czub et al. 2004) . In contrast to the other studies, this finding suggests that dopamine may increase macrophage TNF-α secretion. Based on these data, it is difficult to determine how increased dopamine might alter macrophage TNF-α production, and how this would affect the development of HAND. A decrease in this cytokine could reduce neuronal death (McCoy et al. 2006 ) but also decrease the anti-viral activity of TNF-α (Lane et al. 1999; Bailer et al. 2000) , while an increase could promote more inflammation and neurotoxicity (Belarbi et al. 2012; Buscemi et al. 2007) .
Other studies examining the effects of dopamine on cytokines used murine macrophages and rodent models, often with LPS or other stimuli. In mice with staphylococcal enterotoxin B induced sepsis, treatment with the pan DR antagonist chlorpromazine induced IL-10, an effect that was negated using the D1-like DR agonist SKF38393 but not the D2-like DR agonist quinpirole. This effect was seen in athymic and SCID mice but not phagocyte-depleted mice, indicating that chlorpromazine was acting specifically on macrophages (Tarazona et al. 1995) . Experiments in LPS treated mouse peritoneal macrophages demonstrated that dopamine significantly decreased IL-12 and significantly increased IL-10. These effects were not blocked by either D1-like or D2-like DR antagonists, but were partially inhibited by the β-adrenergic receptor antagonist propanolol (Hasko et al. 2002) , suggesting the effects may occur, at least in part, through non-DR mediated signaling. Another study in LPS treated primary rodent microglia showed that dopamine did not significantly alter production of either IL-6 or TNF-α (Farber et al. 2005 ).
These studies demonstrate that dopamine mediated regulation of macrophage cytokine production is complex and may involve signaling pathways mediated by receptors other than DR. The effects of dopamine may also vary with the experimental system and types of stimuli used. The differences in the results among these studies underscore the need to be cautious in the interpretation of data obtained with the use of pharmacological agonists and antagonists. The functions of many of these ligands were defined over short time periods in transfected cell lines that overexpress DR. Therefore, the use of these agents for longer time periods in experimental systems using primary cells or animal models may produce off-target effects or pharmacological activities that had not been previously attributed to these molecules.
Despite these caveats, the data indicate that dopamine mediates cytokine and chemokine production in macrophages. The specific effects of dopamine would depend on its concentration, the kinetics of its release and location in which it is encountered. The effects of the cytokines produced will similarly depend on their localization and timing of secretion. Overall, dopamine mediated changes in macrophage cytokine production may be significant in the development of HAND in drug abusers.
Phagocytosis
There are no studies directly examining the effects of dopamine on the phagocytic activity of human macrophages. In vitro studies using murine and chicken macrophages showed that activation of D2-like DR increased IFN-γ induced phagocytosis and phagocytosis of IgG-coated sheep red blood cells (RBC) and E. coli. In murine macrophages, phagocytosis was blocked by the D2-like DR antagonist spiperone, but not by other DR antagonists (Sternberg et al. 1987) . In chicken macrophages, phagocytosis was inhibited by the D2-like DR antagonist metaclopromide (Ali et al. 1994) . In a study in guinea pigs, treatment with DR agonists showed improved clearance of radiolabeled IgG-coated RBC, whereas DR antagonists decreased clearance. The decrease was greatest when animals were treated with D2-like DR antagonists (Gomez et al. 1999 ). These studies demonstrate that dopamine alters macrophage phagocytosis, possibly through activation of D2-like DR.
Activation of D2-like DR inhibits cAMP (Beaulieu and Gainetdinov 2011; Missale et al. 1998) , suggesting that inhibition of cAMP increases phagocytosis. However, wall lizard macrophages treated with the phosphodiesterase inhibitor IBMX, which blocks cAMP production, showed decreased phagocytosis (Roy and Rai 2004) . In rat peritoneal macrophages, treatment with the D2-like DR antagonist domperidone increased phagocytosis of S. aureus (Carvalho-Freitas et al. 2011) . This suggests that the D2-like DR mediated effects may occur through more than one signaling pathway and use a mechanism that does not involve cAMP, such as activation of β-arrestin 2. The wall lizard study also found that dopamine both increased and decreased macrophage phagocytic activity, depending on the concentration used (Roy and Rai 2004) . In the chicken macrophage study, a longer exposure to dopamine reversed the effect and reduced phagocytosis of sheep RBC (Ali et al. 1994 ). These results demonstrate the complexity of dopaminergic regulation of phagocytosis, suggesting that dopamine may both stimulate and inhibit this process depending on its concentration and the kinetics of exposure.
An additional mechanism by which dopamine may mediate phagocytosis is by altering F C receptor expression (Aderem and Underhill 1999) . Both the chicken and guinea pig studies demonstrated by flow cytometry that dopamine increased macrophage surface expression of different Fc γ receptors (Ali et al. 1994; Gomez et al. 1999 ). In the guinea pig, the increase in Fc receptors was primarily mediated through D2-like DR (Gomez et al. 1999 ). In the context of HAND, dopaminergic alterations in macrophage phagocytosis could disrupt scavenging of apoptotic cells and cell debris, as well as inhibit the macrophage response to HIV associated opportunistic pathogens. A dopamine mediated increase in phagocytosis could also interfere with regulated tissue repair resulting in damage to healthy cells and tissue (Laskin et al. 2011) .
Nitric oxide and hydrogen peroxide
Reactive nitrogen and oxygen species, including NO and H 2 O 2 , are crucial to macrophage function, as they enable cytotoxic and antimicrobial activity (MacMicking et al. 1997; Pacelli et al. 1995; Nathan 1983) . A study using N9 murine microglial cells showed that dopamine significantly decreased LPS induced NO as measured using Greiss reagent. In this study, dopamine also minimally reduced the production of iNOS (Chang and Liu 2000) . In a separate study in murine microglia using similar techniques, dopamine, D1-like, and D2-like DR agonists also decreased NO release. This study used patch-clamping to show that dopamine, D1-like and D2-like agonists reduced the inward rectifying potassium conductance K ir and sometimes induced an outward current (Farber et al. 2005) . This suggests that DR may mediate some of their effects through changes in potassium conductance. Other studies using rat peritoneal macrophages examined changes in oxidative bursts mediated by the D2-like DR antagonist domperidone. Using flow cytometric analysis of 2′,7′-dichlorofluorescein diacetate and fluorescent S. aureus to measure production of H 2 O 2 and phagocytosis respectively, these studies found that domperidone increased spontaneous oxidative bursts, while decreasing those induced by phagocytosis. It is unclear why domperidone affected the two types of oxidative bursts differently, although the authors suggest its effects may be related to changes in in vivo prolactin levels (CarvalhoFreitas et al. 2008 (CarvalhoFreitas et al. , 2011 . Dopaminergic changes in production of NO and H 2 O 2 in the CNS of HIV infected individuals may interfere with macrophage anti-microbial activity, enabling neuroinvasion by opportunistic pathogens (Tan et al. 2012 ).
Dopamine and HIV in T cells
T cells in HIV neuropathogenesis
While monocytes and macrophages are central to the neuropathogenesis of HIV, the contributions of T cells to HIV-induced CNS disease are less clear and few studies have reported T cells within the infected CNS. In one study examining hippocampal brain sections from individuals with AIDS, increased numbers of CD4+ and CD8+ T cells were detected in sections from infected individuals with HIV encephalitis (HIVE) as compared to those without HIVE, regardless of whether they received cART (Petito et al. 2003) . Another study reported that CD8+ T cells were detected in prefrontal cortex and frontal white matter brain sections from HIV infected individuals on cART (Nguyen et al. 2010) . T cell infiltration is also important in another HIV related pathology, immune reconstitution inflammatory syndrome (IRIS). In a small number of HIV infected individuals, partial to full restoration of the immune system by cART initiates an inflammatory response in the CNS that is characterized as a CD8+ T cell encephalitis, termed CNS-IRIS (Johnson and Nath 2011) .
The importance of CD8+ T cells in the immune response to viral infection was demonstrated by increased peripheral viral load and accelerated disease progression, including SIV encephilitis, in some SIV-infected monkeys depleted of these cells (Schmitz et al. 1999; Madden et al. 2004; Marcondes et al. 2008) . In macaques with normal T cell profiles, SIV-specific CD8+ cytotoxic T cells (CTL) were detected in the CNS soon after infection (von Herrath et al. 1995) and in another study using this model, T cell influx correlated with impairment of CNS function (Marcondes et al. 2001 ). These data suggest that an immune response in the early stages of SIV infection of the CNS, characterized by an influx of activated CD8+ CTL, is generated to eliminate virus but that this response also contributes to CNS damage and neurocognitive impairments. However, anti-viral immune functions of T cells are also beneficial in minimizing viral load and HIV pathogenesis in both the periphery and the CNS (Schmitz et al. 1999) .
In cART-naïve HIV infected individuals, drug abuse was postulated to induce significant T cell infiltration of the CNS. Postmortem studies on the brains of HIV infected drug abusers in the pre-cART era reported more pathologic changes when compared to HIV infected individuals with no history of drug abuse. HIV neuropathogenesis in drug abusers was characterized by a significant level of CD8+ T cell infiltration into the CNS (Anthony et al. 2003; Tomlinson et al. 1999; Bell et al. 1993 ). The role of T cells in HIV infected drug abusers in the era of cART is less clear. In an autopsy study, CD8+ T cell infiltration of the basal ganglia and hippocampus was quantified in drug abusers pre-cART and in HIV infected individuals on cART, the majority of which were drug abusers. The number of CD8+ T cells in these regions was significantly decreased with cART; however, in some areas of the white matter, lymphocytic infiltration was similar to that seen in precART drug abusers (Anthony et al. 2005) . These data indicate that T cells are present in the CNS of HIV infected drug abusers on cART, but that the magnitude and areas of T cell involvement are different when compared to the neuropathology in pre-cART studies. It has been suggested that T cell influx may be a component of the immune response generated to control HIV within the CNS during the early stages of infection, similar to SIV infection of the CNS. However, a dysregulated T cell immune response in HIVinfected drug abusers may result in bystander CNS damage and neuroinflammation, contributing to an increase in cognitive deficits.
Elevated dopamine may mediate T cell influx into the brain of HIV infected drug abusers. This is supported by data obtained from SIV infected monkeys given selegiline or L-DOPA to increase CNS dopamine. In these animals, lymphocytic encephalitic lesions and perivascular accumulation of lymphocytes were increased in the CNS during the asymptomatic phase of SIV neuropathogenesis (Czub et al. 2001 (Czub et al. , 2004 . Thus, increased extracellular dopamine in the CNS during the early stages of infection may contribute to increased transmigration of lymphocytes across the BBB.
To delineate the effects of dopamine on T cells, we will first describe dopaminergic protein expression in these cells. We will then discuss how activation of DR alters the functions of specific T cell subsets, followed by a description of CNS-IRIS, and a possible role for dopamine in the pathogenesis of this T cell encephilitis in HIV infected drug abusers. Dopamine mediated changes in HIV infection of T cells will also be addressed.
Dopaminergic protein expression in T cells
Many studies showed T cells expressed D2R, D3R, D4R and D5R (Santambrogio et al. 1993; McKenna et al. 2002; Ghosh et al. 2003; Besser et al. 2005; Sarkar et al. 2006; Watanabe et al. 2006 ). The expression of D1R is less clear, as conflicting studies reported its presence or absence in these cells (McKenna et al. 2002; Boneberg et al. 2006; Watanabe et al. 2006; Cosentino et al. 2007; Kipnis et al. 2004; Nakano et al. 2008; Basu et al. 2010 ). Other dopaminergic proteins, including TH, VMAT2 and COMT, were also expressed by T cells (Tsao et al. 1998; Cosentino et al. 2007; Bidart et al. 1983 ). While MAOs have not been demonstrated specifically in T cells, these cells do contain catecholamine metabolites, suggesting that active MAOs are present (Cosentino et al. 2000) . All of these proteins are differentially expressed by specific T cell subsets, and expression is dependent on the activation state and/or differentiation of these cells.
T cells are divided into two main groups characterized by their expression of CD4 or CD8. CD4+ T cells can differentiate into multiple subsets including T regs or T helper 1 (Th1), Th2 or Th17 effector T cells (T effs ) (Zhu and Paul 2008; Mosmann et al. 1986 ). T regs are also CD25+ FoxP3+, expand in the presence of TGF-β and secrete several cytokines, including IL-10 and TGF-β. The main role of T regs is to suppress a variety of immune functions effected by mature/differentiated CD4+ and CD8+ T cells, including suppression of activation-induced proliferation of T effs (Vignali et al. 2008; Peterson 2012) . Th1 cells are characterized by the secretion of IFN-γ and are involved in cellular immunity elicited to control intracellular pathogens and tumor cells. Th2 cells are characterized by the secretion of IL-4 and are involved in the immune response to extracellular pathogens. Th17 cells are characterized by the secretion of IL-17, participate in the immune response to extracellular pathogens and have been implicated in autoimmune diseases (Cua et al. 2003; Chen et al. 2006; Komiyama et al. 2006; Langrish et al. 2005; Peterson 2012; Bettelli et al. 2008) . CD8+ T cells can differentiate into several subsets including CTL effector cells (Williams and Bevan 2007) .
Human resting CD4+ T cells expressed low levels of D2R and D3R mRNA. Upon activation with Con A, D2R message increased while D3R message was totally downregulated. In human resting CD8+ T cells, D3R message and protein were highly expressed, while D4R mRNA was at low levels. Upon activation with PHA, protein and mRNA for both D3R and D4R were completely downregulated (Watanabe et al. 2006) . A study using murine cells showed that T regs expressed significantly more D1R and D5R mRNA than mature CD4+ T effs (Kipnis et al. 2004) . Another study in human cells showed that T regs expressed more D2R, D3R, D4R and D5R mRNA than T effs . The same study demonstrated that T regs and CD4+ T effs both expressed VMAT2 mRNA, and T regs expressed mRNA for TH, which was minimally present in CD4+ T effs (Cosentino et al. 2007) .
T cells were shown to produce dopamine (Bergquist et al. 1994; Cosentino et al. 2000) , which mediated autocrine stimulation of dopamine receptors (Bergquist et al. 1994; Cosentino et al. 2007 ). While both T effs and T regs stored dopamine in intracellular compartments, T regs stored significantly more (Cosentino et al. 2007 ). This indicates that these cells are more likely to secrete dopamine to impact their own functions and those of nearby cells that express DR.
In general, T cell exposure to dopamine was immunostimulatory or immunosuppressive depending on the activation state and/or differentiation of different T cell subsets and on the activation of specific DR expressed by these different subsets. Both T regs and T effs , may accumulate at sites of inflammation, and autocrine or paracrine exposure to dopamine may directly affect these cells by interacting with specific DR, altering immune responses elicited at inflammatory sites within the CNS. In the following sections, we will focus on the immunostimulatory and immunosuppressive effects of dopamine on specific resting and activated T cell subsets, the DR implicated in these effects, and how dopamine-mediated regulation of T cell function may contribute to the pathogenesis of HAND in HIV infected drug abusers.
Immunostimulatory effects of dopamine on T cells
Cytokines
The effects of dopamine on cytokine secretion in vitro are dependent on the T cell subset, the method of cellular activation, and the specific DR activated. In resting T cells, dopamine stimulation of D3R significantly increased TNF-α secretion (Besser et al. 2005) . CD8+ T cells expressed significantly more D3R mRNA and protein as compared to naïve CD4+ T cells (Watanabe et al. 2006) , suggesting that TNF-α production may be mediated by D3R on resting CD8+ T cells.
Dopamine mediated changes in cytokine secretion were also studied in activated T cells. T cell activation/ differentiation is induced in vitro by a variety of methods including T cell receptor activation with antigenic peptides or anti-CD3/CD28 antibodies, or treatment with PHA or Con A. Cytokines can also regulate T cell activation/ differentiation. In human PBMC activated by anti-CD3/CD28 antibodies, dopamine increased the number of CD4+ and CD8+ T cells producing IFN-γ, TNF-α and IL-6 (Torres et al. 2005) . In another study, mRNA for D3R, IL-4 and IL-10 increased in human T lymphoblasts generated by incubation of resting cells with PHA and IL-2, while IFN-γ mRNA remained undetectable. In these cells, the D2-like DR agonist quinpirole reduced IL-4 and IL-10 and increased IFN-γ, although it had no effect on cytokine mRNA expression in resting T cells (Ilani et al. 2004 ). Since D3R is upregulated in T lymphoblasts, the effects of quinpirole were attributed to activation of D3R. This study also performed experiments on activated, purified CD4+ and CD8+ T cells. Treatment of activated CD4+ T lymphoblasts with quinpirole reduced IL-4 and IL-10 but increased IFN-γ mRNA. In activated CD8+ T lymphoblasts, quinpirole treatment only increased IFN-γ mRNA (Ilani et al. 2004 ). These results suggest that in the presence of dopamine, activated CD4+ T cells undergo a Th2 to Th1 shift and this effect may be mediated by D3R. Activation of D3R may also induce IFN-γ in activated CD8+ T cells. In another study, different results were seen in CD4+ T cells activated with anti-CD3/CD28. In these cells, dopamine increased a Th2 shift, as measured by increased IL-4 production (Nakano et al. 2009 ).
Thus, dopamine mediated changes in the production of specific cytokines by resting and activated T cell subsets may impact CNS inflammatory responses that occur with HIV infection and drug abuse. Alterations in cytokine expression may result in neuronal damage, contributing to HAND.
Chemotaxis
In the CNS, there is low level, chemokine mediated constitutive transmigration of activated T cells across the BBB. Resting T cells also enter the CNS but to a lesser extent (Hickey et al. 1991) . In vitro, dopamine selectively induced low level chemotaxis of naïve human and murine CD8+ T cells, but did not affect the migration of naïve human and murine CD4+ T cells, or activated CD4+ and CD8+ T cells (Watanabe et al. 2006) . In this study, suboptimal concentrations of the chemokines CCL19 (MIP-3β), CCL21 (6Ckine) or CXCL12 (SDF-1) alone did not induce significant migration of naïve human CD4+ or CD8+ T cells. The addition of dopamine with these chemokines increased the migration of CD8+, but not CD4+, naïve T cells when compared to dopamine alone, and this was inhibited by the D3R antagonist U99194 (Watanabe et al. 2006) . In another study, dopamine also increased the migration of human resting CD8+ T cells, but not T cells activated with anti-CD3/CD28 (Strell et al. 2009 ). These data indicate that dopamine may increase the ability of resting CD8+ T cells to transmigrate into the CNS in response to specific chemokines. Resting CD8+ T cells express significantly more D3R than resting CD4+ T cells (Watanabe et al. 2006) , indicating that dopamine activation of D3R may increase the transmigration of this T cell subset across the BBB.
Activation of integrins on the T cell surface mediates T cell transmigration across the vasculature in response to chemokines (Springer 1994) , and has been implicated in the chemotaxis of T cells in response to dopamine. Dopamine or the D3R agonist, 7-OH-DPAT, induced adhesion of naïve CD8+ T cells to fibronectin through activation of the integrins VLA-4 and VLA-5 and to ICAM-1 through LFA-1 (Watanabe et al. 2006) . Another study reported that dopamine, 7-OH-DPAT, and the D2-like DR agonists bromocriptine and pergolide increased the binding of resting human T cells to fibronectin, which was mediated by activation of VLA-4 and VLA-5 (Levite et al. 2001) . In a flow-through adhesion assay with human microvascular EC, resting CD8+ T cells adhered at very low rates to EC and had a high rolling activity, while anti-CD3/CD28 activated CD8+ T cells exhibited higher adhesion and lower rolling. Dopamine increased the adhesion of resting CD8+ T cells to EC while it had no effect on the rolling of these cells. The adhesion and rolling of activated CD8+ T cells was not affected by dopamine (Strell et al. 2009 ). Increased adhesion facilitates diapedesis (Muller 2011) , indicating that dopamine mediated activation of integrins on the surface of resting CD8+ T cells may increase their transmigration across the BBB in response to a chemokine gradient. This may contribute to increased accumulation of this T cell subset in inflammatory sites within the CNS of HIV infected drug abusers.
Dendritic cell activation of T cells
Presentation of antigen by dendritic cells results in the differentiation of naïve T cells into specialized effector cells (Steinman 2007) . In basal conditions the CNS is believed to lack detectable dendritic cells. However, recent studies suggested that there are dendritic cells in the CNS, specifically during neuroinflammation, injury, and infection with protozoans, bacteria or viruses (D'Agostino et al. 2012; Colton 2012) . The presence of dendritic cells in the CNS may contribute to T cell mediated neuroinflammation, as occurs during multiple sclerosis. In experimental autoimmune encephalomyelitis (EAE), a murine model of multiple sclerosis, studies reported that dendritic cells in the CNS contribute to the development of EAE by regulating the differentiation and activation of Th17 cells (BaileyBucktrout et al. 2008; Bailey et al. 2007) . Th17 cells were shown to alter tight junction expression and disrupt the BBB, resulting in their transmigration into the CNS. Th17 cell localization within the CNS resulted in damage to neurons and increased neuroinflammation through CD4+ T cell recruitment (Kebir et al. 2007; Huppert et al. 2010 ).
Dendritic cells stored dopamine in secretory vesicles and secreted it during antigen-specific adhesion and activation of T cells (Nakano et al. 2009 ). Treatment of human dendritic cells with L750667, a D2-like DR antagonist, increased dendritic cell-mediated Th17 differentiation of CD4+ T cells while the D1-like DR antagonist SCH23390 inhibited Th17 differentiation (Nakano et al. 2008) . In another experiment from this study, SCH23390 completely blocked the development of EAE clinical symptoms in vivo, while sulpiride, a D2-like DR antagonist, induced an accelerated, hyperacute form of EAE (Nakano et al. 2008 ). Antagonizing D1-like DR on dendritic cells inhibited Th17 differentiation and blocked the development of EAE, an inflammatory disease of the CNS. These data suggest that autocrine and/or paracrine stimulation of D1-like DR on dendritic cells increases the ability of these cells to induce CD4+ T cell differentiation into Th17 cells, increasing the severity neuroinflammation. Thus, activation of DR on dendritic cells may have effects on CNS inflammatory responses mediated by altered Th17 differentiation. The role of Th17 cells in HIV neuropathogenesis in drug abusers has not been characterized and is an important area for future study.
T reg function
T regs suppress the immune activity of T effs . These immunosuppressive effects are necessary to inhibit inflammatory responses and autoimmunity (Vignali et al. 2008) . T reg suppression of CD4+ T eff proliferation induced by PHA or anti-CD3/CD28 in both human and murine T cells was inhibited by dopamine and the D1-like DR agonist, SKF38393, while the dopaminemediated inhibition was blocked by SCH23390, a D1-like DR antagonist. Dopamine also inhibited IL-10 and TGF-β production, which are the main immunosuppressive cytokines produced by T regs , and SCH23390 also blocked this effect (Kipnis et al. 2004; Cosentino et al. 2007 ). The expression of D1R/D5R in T regs was significantly higher as compared to T effs (Kipnis et al. 2004) , suggesting that D1-like DR activation by dopamine is more likely to occur in T regs as opposed to T effs . These data suggest that D1R/D5R activation in T regs reduced IL-10 and TGF-β production by this T cell subset, and blocked the ability of these cells to inhibit activation induced T eff proliferation. As a result of dopamine mediated inhibition of T reg function, an enhanced and/or prolonged T eff immune response may occur.
Dopamine may also inhibit the migration of T regs to inflammatory sites. As compared with T effs , T regs preferentially expressed the chemokine receptors CCR4 and CCR8 (Sebastiani et al. 2001) . Dopamine inhibited the migration of murine T regs to the CCR4 ligand, CCL22 (MDC) (Kipnis et al. 2004 ). Dopamine can not only inhibit T reg function, but may also inhibit CCL22-mediated migration of T regs to inflammatory sites, which may contribute further to an immunostimulatory effect of dopamine in the CNS. In a murine model of HIV encephalitis, T regs exhibited antiinflammatory and neuroprotective functions (Liu et al. 2009; Gong et al. 2011) . Dopamine mediated inhibition of T reg function in the CNS may reduce this protective role, contributing to an increase in neuroinflammation and neurotoxicity in HIV infected drug abusers.
As previously discussed, CD8+ CTL entered the CNS of SIV infected monkeys during the early phase of infection, which correlated with impairment of CNS function (von Herrath et al. 1995; Marcondes et al. 2001 ). However, accelerated disease progression and increased peripheral viral loads occurred in SIV infected monkeys lacking CD8+ T cells (Schmitz et al. 1999; Madden et al. 2004) . These data suggest that effector functions of CD8+ T cells in the CNS are necessary to inhibit viral pathogenesis, but that neurological damage results from CD8+ CTL-mediated immune responses. T regs may function as suppressors of HIV specific CD8+ T cell effector functions in the CNS, decreasing viral loads while limiting immune mediated damage. Thus, dopamine mediated suppression of T reg function in HIV infected drug abusers may contribute to increased CNS damage.
Immunosuppressive effects of dopamine in T cells
The inhibition of activation induced T cell proliferation and effector function by dopamine may contribute to the suppression of a T cell mediated immune response, which may increase viral load in the CNS of HIV infected drug abusers. Dopamine inhibited the proliferation of purified human CD4+ and CD8+ T cells activated with anti-CD3 and IL-2. Additionally, dopamine inhibited CD8+ CTL killing of target K562 cells, and these suppressive effects on T cell function were blocked by the D1-like DR antagonist SCH23390 (Saha et al. 2001) .
In human CD8+ T cells activated with anti-CD3/CD28, dopamine decreased the number of activated cells and also decreased IL-2 production in these cells (Strell et al. 2009 ). Another study showed activation of resting human T cells with anti-CD3/CD28 and the D4R agonists PD168077 and ABT 724 inhibited T cell proliferation, suggesting that D4R mediated this effect. Production of IL-2 was also inhibited by PD168077 (Sarkar et al. 2006) . In these experiments, quiescence in T cells was regulated by the transcription factor, Krüppel-like Factor-2 (KLF-2), and expression of KLF-2 in resting T cells was reduced significantly upon activation with anti-CD3/CD28. When activation was performed in the presence of the D4R agonists, KLF-2 did not change, suggesting that D4R stimulation induced T cell quiescence by inhibiting activation induced suppression of KLF-2 (Sarkar et al. 2006) .
T regs produce IL-10, a major immunosuppressive cytokine of T eff function (Vignali et al. 2008; Peterson 2012) . Dopamine, the D1-like DR agonist SKF38393 and the D2-like DR agonist quinpirole, but not the D3R agonist 7-OH-DPAT or the D4R agonist PD168077, significantly increased IL-10 secretion by resting human T cells (Besser et al. 2005) . In another study, resting CD4+ T cells expressed D2R mRNA, which was absent in CD8+ T cells, suggesting that activation of D2-like DR in CD4+ T cells contributed to the dopamine-induced increase in IL-10 ( Watanabe et al. 2006) . In human PBMC activated by anti-CD3/CD28 in the presence of dopamine, there was an increase in CD4+ cells producing IL-10. However, dopamine also increased the number of CD4+ and CD8+ T cells producing IFN-γ, TNF-α and IL-6 in PBMC activated by anti-CD3/CD28 (Torres et al. 2005) , indicating that dopamine can have both immunostimulatory and immunosuppressive effects.
The method of T cell activation contributes to the effects of dopamine on T cell proliferation and cytokine secretion. In contrast to anti-CD3/CD28 activation, dopamine inhibited mitogen-induced proliferation and differentiation of T cells in PBMC cultures. Dopamine inhibited proliferation and the expression of IL-2, IFN-γ and IL-4 in T cells treated with anti-CD3, a method of T reg activation in vitro. Dopamine also suppressed Lck and Fyn, components of the T cell receptor complex. The effects of dopamine on cytokine production were mediated by activation of D2R or D3R, as they were negated by the D2R and D3R antagonists eticlopride and U99194, but not by antagonists for D1-like DR or D4R (Ghosh et al. 2003) . These results are in contrast to anti-CD3/CD28 activation of PBMC, in which dopamine increased IFN-γ and IL-4 (Torres et al. 2005 ). Dopamine did not alter human T reg suppression of TNF-α and IFN-γ production by activated T effs (Cosentino et al. 2007 ). However, dopamine did inhibit the suppressive effect of T regs on PHA or anti-CD3/CD28 stimulated T eff proliferation through activation of D1-like DR (Kipnis et al. 2004; Cosentino et al. 2007 ). All of these data underscore the immunostimulatory and immunosuppressive effects of dopamine on T cell function.
Immune reconstitution inflammatory syndrome
Ten to 30 % of HIV infected individuals beginning cART develop IRIS (Shelburne et al. 2005; Puthanakit et al. 2006; Meintjes and Boulle 2012; Haddow et al. 2012) . One study of a Canadian cohort found an estimated 1 % developed CNS-related IRIS (McCombe et al. 2009 ), while in a South African cohort the rate of CNS involvement was 28 % (Asselman et al. 2010) . CNS-IRIS is a T cell-mediated encephalitis that occurs after partial to full restoration of the immune system in HIV infected individuals beginning cART. This hyperacute immune response can be initiated by opportunistic infections of the CNS (Woods et al. 1998; Jenny-Avital and Abadi 2002; Tan et al. 2009; Nelson and Zunt 2011; Tsambiras et al. 2001; Martin-Blondel et al. 2011; Post et al. 2012a, b) . These infections may have been present and treated in HIV infected individuals before their initiation of cART, resulting in an exacerbated immune response to residual infection upon reconstitution of the immune system. In other individuals, an undetected opportunistic infection is unmasked after cART, but in many cases of CNS-IRIS there is no identifiable infectious pathogen. These cases may be due to an enhanced immune response directed against the HIV reservoir within the CNS, an autoimmune response directed against CNS proteins, or a nonspecific inflammatory response generated within the CNS (Post et al. 2012b) .
CNS-IRIS is characterized by acute infiltration of the CNS by activated CD8+ T cells, although a more chronic type of T cell encephalitis is also believed to occur in the absence of opportunistic infections. Chronic CNS-IRIS in HIV infected individuals may contribute to the development of HAND due to CNS damage caused by prolonged immune activation (reviewed in (Johnson and Nath 2011) ). HIV infected individuals who do not mount an effective T reg response after cART initiation may be more prone to develop IRIS due to ineffectual suppression of hyperimmune responses after reconstitution of the immune system (Shankar et al. 2008; Martin-Blondel et al. 2012) . During the chronic form of CNS-IRIS, elevated extracellular dopamine as a result of drug abuse may inhibit T reg function within the CNS, exacerbating this chronic immune activation and the development of HAND. The effect of dopamine on the development of CNS-IRIS has not been characterized. Based on data from previous studies on the effects of dopamine on CD8+ T cells and CD4+ T regs , we suggest that dopamine may contribute to CNS-IRIS in HIV infected drug abusers. This is an area for further study.
Dopamine mediated changes in HIV infection of T cells
Both CD8+ T cells and CD4+ T regs may play a role in the neuropathogenesis of HIV. CD4+ T regs are able not only to alter immune functions in CD8+ T cells, but may also transport HIV into the CNS later in the course of HIV/AIDS. Previous studies showed that dopamine increased HIV replication in Jurkat T cells and primary human T cells (Rohr et al. 1999a) . Transcriptional activity of NF-κB and Sp1 binding sites in the HIV LTR was increased by dopamine and involved the transcription factors CREB and Coup-TF (Rohr et al. 1999a, b) . Dopamine mediated increases in transcription and replication were potentiated by TNF-α, which was increased in resting T cells treated with dopamine (Besser et al. 2005) . This indicates that dopamine may act on several pathways to increase HIV replication in T cells. Dopamine also activated HIV replication in chronically infected ACH-2 T lymphoblasts. These effects were inhibited by glutathione and N-acetyl cysteine, suggesting they were due to oxidative stress induced by dopamine oxidation products (Scheller et al. 2000) . These studies indicate that infected CD4+ T cells, once within the CNS of drug abusers, may have increased viral replication in response to elevated dopamine. Additionally, if the CD4+ T cells are latently infected, interaction with elevated dopamine or dopamine oxidation products in the CNS of drug abusers may reactivate viral replication. Uninfected and/or infected CD4+ T cells have not been shown to play a major role in the neuropathogenesis of HIV but transmigration of peripheral CD4+ T regs into the CNS in a murine model of HIV encephalitis has been reported (Liu et al. 2009 ). Once in the CNS, HIV replication in infected T regs may also be increased by dopamine.
Conclusion
Drug abuse is a common cofactor in HIV infection (Sohler et al. 2007; Shurtleff and Lawrence 2012; Turner et al. 2001; Mathers et al. 2008) . Despite different mechanisms of action, all types of illicit drugs increase CNS dopamine (Koob 1992b; Pierce and Kumaresan 2006; Di Chiara and Imperato 1988; Carboni et al. 1989; Kimmel et al. 2005; Desai et al. 2010; Koob and Bloom 1988) . This elevated dopamine in HIV infected drug abusers may increase HIV infection and/or dysregulate several functions of monocytes, macrophages, and T cells, impacting CNS damage associated with HIV infection. These changes are depicted in Figs. 1 and 2 . Figure 1 illustrates the mechanisms by which monocytes, macrophages and T cells contribute to neuroinflammation and HAND. Figure 2 postulates how these mechanisms are altered by higher concentrations of dopamine in the CNS of drug abusers, increasing neuroinflammation and thereby exacerbating HAND. Understanding the effects of dopamine on monocytes, macrophages and T cells in the context of HIV infection of the CNS is important for characterizing the mechanisms that mediate the development of HAND in HIV infected drug abusers. This may indicate new targets for therapeutic intervention.
The effects of dopamine on neuroinflammation are highly relevant in the era of cART. HIV enters the CNS soon after peripheral infection, before most individuals know that they are infected and begin therapy. Prior to initiation of antiretroviral therapy, elevated CNS dopamine due to drug abuse may accelerate brain infection, resulting in increased brain viral load. In addition, dopamine is likely to continue to affect immune cells due to repeated drug use by HIV infected individuals. Even if the alterations resulting from each exposure to increased CNS dopamine are small, the cumulative effects of these changes on the infection and/ or functions of monocytes, macrophages, and T cells within the CNS of HIV infected individuals may increase neuroinflammation, interfere with effective host defense, and accelerate disease progression beyond that which occurs in the CNS not periodically exposed to increased dopamine. Dopamine may also contribute to CNS-IRIS through interference with T reg function. Thus, we propose that the effects of dopamine on monocytes, macrophages, and T cells will contribute to the development of HIV-associated CNS disease in drug abusers. A more complete understanding of these effects is essential to treating HAND in this population. 
